Based on a vast set of in situ data, a first comprehensive overview of the oceanographic characteristics of Baía de Todos os Santos (BTS) is provided.
INTRODUCTION
Like most of the southern hemisphere coastlines, the Brazilian coastline has undergone a 3 m emergence in the last 6000 years (Angulo et al., 2006) , and as a result the large majority of its coastal-plain estuaries that have been filled up became river deltas. Large estuaries that still survive are generally tectonic coastal bays that have apparently undergone varying degrees of subsidence and today fringe some of the most important cities and harbor the most important ports in the country. The largest bays in Brazil are: Baía de São Marcos (BSM -2025 km 2 ) in the state of Maranhão, Baía de Todos os Santos (BTS -1233 km 2 ) in the State of Bahia and Baía de Paranaguá (BP -612 km 2 ) in the state of Paraná. The well known Baía de Guanabara (BG) in the state of Rio de Janeiro is relatively small, with an area of 384 km 2 .
BTS is located in the vicinity of the third major metropolitan area in Brazil, the city of Salvador (population of 2.7 million according to IBGE, 2006) , and the largest petrochemical complex of the southern hemisphere (Camaçari Petrochemical Center). Due to its economic importance, the bay houses two commodities ports (Aratu and Salvador), with a total annual flow of 31.4 × 10 6 tons (ANTAQ, 2005) , which represent nearly 5% of the total annual flow in Brazilian ports. In addition, there are also three outfalls in the continental shelf located northeast of the bay (two for chemical substances and one for sewage). The sewage outfall is the closest to the bay entrance and was built to have a maximum discharge of 8.3 m 3 s -1 (CRA, 2001) . Several offshore oil and gas fields are also prospected within 100 km from the bay entrance and are presented in ANP (2007) .
Except for BG (Kjerfve et al., 1997) , a comprehensive overview of the oceanographic characteristics of large Brazilian bays and their surrounding coastal zone is not yet found in the scientific literature. For instance, the relevant publications for BTS are restricted to studies regarding data analysis (Wolgemuth et al., 1981; Lessa et al., 2001) and modeling of water circulation (Montenegro et al., 1999) . The bay and the neighboring open coastal areas in front of Salvador have been the focus of continuous environmental monitoring programs. However, the results are unfortunately kept as technical reports with restricted circulation.
The most important and complete monitoring program for the BTS was the Projeto Bahia Azul. It was a massive project funded by the State Government from 1998 to 2001 to assess the water quality of the BTS. The project made use of 33 moored instruments to sample the water velocity, temperature, salinity and the pressure field for more than 15 continuous days and over two seasons 1 (summer and winter). Synoptic hydrographic cruises were also performed inside BTS to evaluate the distribution of properties in the water column and during spring and neap tidal cycles.
The main goal of this article is to produce an oceanographic characterization of the area over its seasonal variation, providing an important source of background information on the water dynamics for the various marine scientists who work in the BTS. It also intends to pose some scientific questions related to dynamical aspects of the circulation, which will be better answered by the results of numerical modeling experiments to be presented by the authors in a future work.
STUDY AREA
The BTS is centered on latitude 12 • 50'S and longitude 38 • 38'W, with an approximate maximum width (west-east axis) and length (north-south axis) of 32 km and 50 km, respectively. The geologic framework of the BTS has been determined, to a high extend, by tectonism (Cupertino & Bueno, 2005) . The bay is bounded in the east and the west by Cretaceous fault lines (Falha de Maragogipe and Falha de Salvador) associated with an aborted rift valley that gave rise to the Recôncavo Basin (Fig. 1) . Although the major fault systems were established in the Cretaceous, reactivation events occurred in the Tertiary and Quaternary, as indicated by King (1956) , Tricart & da Silva (1968) , Martin et al. (1986) and Bittencourt et al. (1999) . The geomorphology of the bay is primarily dictated by tectonic alignments, but deep drainage channels ramify inside the bay following an old drainage network going towards Rio Paraguaçu, Rio Subaé and Baía de Aratu (Fig. 2) . The deepest areas inside the bay, reaching depths of 70 m, are associated with the paleo-valley of Rio Paraguaçu, which is segmented (see the 20 m isobath in Figure 2 ) due to sediment accumulation in front of Canal do Paraguaçu and Canal de Itaparica. Significant accumulation of sediment is also observed in the ebb-tidal deltas fronting both entrances of the bay (Canal de Salvador and Canal de Itaparica).
Eleven textural facies were mapped by Dias (2004) (Fig. 3 ). Siliciclastic sand occurs at the bay entrance channels, along the western bay margin and close to the river mouths. The bay-mouth sand is of marine origin, while that inside Itaparica channel and along the western bay margin is originated from the erosion of sandstone deposits. Carbonate sand encircles the two central islands of Maré and Frades. Mud occurs predominantly in the northern half of the bay affected by the drainage of fine grained sedimentary rocks. Gravel is often observed in the fluvial delta of Rio Paraguaçu and along Canal do Paraguaçu, where it is likely associated with the exposure of lowstand fluvial deposits. Lessa et al. (2000) interpreted the sand deposits at the bay entrance as a transgressive, siliciclastic marine sand facies, and those around the island as a transgressive carbonate marine sand facies. The muddy sediments in the northern half of the bay would be related to a transgressive bay sand-mud facies and to a regressive bay-mud facies.
The maximum bay area (at an equinoctial spring tide) and its wet perimeter (based on a planimetry estimative using Landsat images with a spatial resolution of 15 m) correspond to 1223 km 2 and 1175 km, respectively. These numbers can be increased by 86 km 2 and 291 km, respectively, if the 91 islands internal to the BTS are taken into account. Overall the bay is shallow with an area-weighted depth of 9.8 m. Approximately 94% of the bay area lay above depths of 25 m. The intertidal area is 327 km 2 (or 27% of the maximum bay area), where 152 km 2 are occupied by mangroves, 160 km 2 by non-vegetated flats (with varied sediment textures) and 15 km 2 by non-vegetated supratidal flats. The bay volume during maximum spring tides is approximately 12 × 10 9 m 3 , whereas the volume below the hydrographic datum (0 m DHN 2 or MLLW) is 8.9 × 10 9 m 3 . This gives a maximum spring-tidal prism of about 3.1 × 10 9 m 3 .
Climate and the hydrological cycle
The climate at the entrance of the bay is tropical humid, with an annual mean temperature, precipitation and evaporation of 25.3 • C, 2086 mm and 1002 mm, respectively ( Fig. 4 ) (INMET, Figure 2 -Bottom topography of BTS and the location of the current meter moorings (stations 1 to 7 and 10 to 17), the ADCPs (stations 8 and 9), the meteorological stations and the tidal gauges (stations 18, 19 and 20 (at the same location of station 1)) for the winter season. The measurements during summertime were performed at the same locations, except for the station 21, which was not included. The brown areas represent the intertidal regions. The depth intervals are differentiated with colors according to the legend. 1992). A precipitation gradient of about 15 mm km -1 occurs westward across the bay, between Salvador and the upper reaches of Rio Paraguaçu, where the mean annual precipitation is 1200 mm. One hundred kilometers inland from the bay mouth, the climate is semi-arid, with average annual evaporation and precipitation rates of 1243 mm and 909 mm, respectively (CEPLAB, 1979) .
Considering an area-weighted precipitation rate, the yearaveraged volume of rain falling directly into the bay is 2.42 × 10 9 m 3 . If the evaporation gradient across the bay is taken into account, an average volume of 0.92 × 10 9 m 3 is lost annually to the atmosphere (considering the area within the 0 m DHN contour). This volume must be added to the potential evapotranspiration rate from the mangroves, estimated according to the Thornthwaite method (Thornthwaite, 1948) as 1412 mm year -1 . Assuming that the real evapotranspiration in a mangrove forest equals the potential, a volume of 0.21 × 10 9 m 3 is also lost to the atmosphere. Hence, the atmospheric-water that enters the bay is about 1.29 × 10 9 m 3 , which represents a year-average discharge of approximately 41 m 3 s -1 .
The monthly distribution of rainfall over the bay is out of phase with that in the interior. In the former, precipitation is mainly concentrated during the fall and in the beginning of the winter (March-July), when 60% of the total precipitation occurs ( Fig. 4 ). On the other hand, the wet season in the mainland takes place between November and February. This pattern of distribution causes different inputs of freshwater inflow into the bay due to the location of the three large catchment areas, as well as the 91 small peripheral catchments (Lima & Lessa, 2002) . The catchment of Rio Paraguaçu, with an area of 56,300 km 2 , drains mainland rivers and provides the main point-source discharge with maxima in December and January. Between 1949 and 1986, when Pedra do Cavalo Dam (located 15 km upstream from Baía de Iguape - Figure 1) was not yet built, the mean river discharge was 90.5 m 3 s -1 (Genz, 2006) , or 73% of the total fluvial input. After 1986, flow regulation implemented by the dam significantly altered the discharge pattern into the bay (Lima & Lessa, 2002; Genz, 2006) . Based on the reservoir operational guidelines, an average daily discharge of 10 m 3 s -1 (in reality 60 m 3 s -1 in 4 hours) is released during the dry season (March-October). In the wet season (November-February), depending on the water level inside the reservoir (SRH, 1996) , the discharge can reach a maximum of 1700 m 3 s -1 . Between 1987 and 2003, the average year river discharge dropped to 64.3 m 3 s -1 (Genz, 2006) . Maximum mean daily discharges have varied significantly along the years during this period, between 57 m 3 s -1 (in September) and 1740 m 3 s -1 (in January). However, a single extraordinary flood event in December 1998 caused the maximum averaged daily discharge to reach 5726 m 3 s -1 . .
OCEANOGRAPHIC CHARACTERISTICS OF BAÍA DE TODOS OS SANTOS, BRAZIL
The other two main catchments, Rio Jaguaripe (2200 km 2 ) and Rio Subaé (600 km 2 ) ( Fig. 1) are coastal, and have their discharge maxima around June, with mean monthly discharges of 28 m 3 s -1 and 9 m 3 s -1 , respectively. These values are about three times larger than their discharge minima values of 13 m 3 s -1 and 3 m 3 s -1 in the summer. The other 91 peripheral catchments (total area of 1713 km 2 ) have their average flow rate assessed as 34 m 3 s -1 (CRA, 2000) . The annual variation of the monthly averaged discharge of the peripheral catchments was assessed via the variation of the average monthly precipitation relative to the annual mean. A discharge maximum of 67 m 3 s -1 should occur in May, and a minimum of 19 m 3 s -1 should occur in January. The overall freshwater balance for the BTS, including both atmospheric-water and fluvial discharges, is presented in Figure 5. It is observed that the higher freshwater inflow rates (more than 250 m 3 s -1 ) occurred between February and May prior to the damming of Rio Paraguaçu. For the pre-dam period, the minimum inflow rates occurred in September, with 68 m 3 s -1 , while the year average discharge was 199 m 3 s -1 . With the completion of Rio Paraguaçu dam, summer discharges were reduced and the higher monthly averages (more than 200 m 3 s -1 ) now occur in April and May as well as in November and December. The minimum month-average inflow in September has been reduced to 55 m 3 s -1 while the year average discharge shrank 19%, reaching a value of 162 m 3 s -1 . The actual maximum monthly average freshwater discharge into the bay (277 m 3 s -1 ) accounts for less than 0.4% of the equinoctial spring tidal prism.
METHODOLOGY
The data set used in this paper is mainly derived from the Projeto Bahia Azul. The data was collected in two different periods, during the summer (dry) season, between January 12 and 28, 1999 and during the winter (wet) season, between May 22 and June 6, 1999. For both periods, data was obtained by: (i) moored oceanographic stations distributed over the BTS and associated coastal region sampling water temperature, salinity, pressure and velocity fields continuously in 17 stations; (ii) meteorological stations measuring wind speed and direction in 4 locations in and outside the bay; (iii) hydrographic surveys sampling water properties over one complete tidal cycle (13 hours), during spring and neap tides, in 12 stations distributed in and outside the bay. Figure 2 shows the location of all the instruments (station 21 was included in the winter campaign). The moored oceanographic stations had either one or two instruments in the moored line. In the former, the instrument was located at midwater depth while in the latter the instruments were positioned near the surface and close to the bottom (generally 15% and 85% of the water total depth, respectively). The configuration described here does not apply for stations 8 and 9, where ADCP's were moored.
The velocity field was measured with three different types of current meters: (i) 16 Aanderaa RCM-7 and one RCM-8 ; (ii) 10 InterOcean S4 and (iii) 2 300 kHz RDI WorkHorse ADCP's. The ADCP's were deployed at the bottom and set up to resolve depth-cells of 2 m, scanning at 2 Hz and recording a 3 minutes average current every 15 minutes. The same set up was used with the InterOcean S4's, but the RCM's recorded the average current every 5 minutes.
The pressure field, converted to elevation, was sampled with 3 high-resolution SeaBird SBE 26 and 5 high-resolution (0.4 cm) pressure sensors installed in some of the InterOcean S4 (see Fig. 2 ). S4 data was obtained at 2 Hz and averaged values were recorded at 15 minutes intervals. A similar configuration was applied to the SBE's, except that the data was read at a frequency of 4 Hz. It is anticipated that such set up reduced tidal ranges by cutting both high and low water levels.
In order to extend the tidal elevation coverage inside the bay, three other sets of tide gauge data (Cachoeira, Najé and Aratu in Fig. 2) were obtained from the Oceanographic Data Base coordinated by DHN. Data from Najé and Cachoeira were recorded simultaneously for 15 days in July 1976, whereas a 30 days long data set from Baía de Aratu was collected in May 1988. Mechanical tide gauges were used in all three stations, allowing for 1 hour reading intervals. In addition, a one-year long time series of tidal elevation (also derived from one-hour reading intervals of tidal charts), obtained from Salvador Harbor in 1960 was included in the data set in order to provide a better characterization of the magnitude of sub-tidal sea level oscillations inside the bay.
Harmonic analyses were performed for both sea level and velocity records in order to quantity the influence of tidal circulation. The methodology adopted was based on Franco (1988) .
The hydrographic surveys were performed with 4 SBE19 Sea Cat CTD's, lowered into the water 3 minutes prior to the beginning of measurements. The recording frequency was 2 Hz.
In order to characterize possible seasonal variations in the atmospheric circulation pattern, wind data was sampled at every 15 minutes in 3 different locations (4 for the winter) during the 2 seasonal sampling periods. The positions of these weather stations, named Itaparica, Ilha dos Frades, Mar Grande and Amaralina (wintertime only) are shown in Figure 2 . The wind speed (U ) was converted to wind stress (τ ) using the formulation τ = ρ α C D |U |U (Trenberth et al., 1989) , where ρ α = 1.2 kg m -3 is the air density and C D is the drag coefficient, which is a function of U .
OCEANOGRAPHIC CHARACTERISTICS
The wind field Table 1 presents the mean and the standard deviation wind stress for summer and winter. During summer, the prevailing easterlies generated mean stress values between -0.022 Pa and -0.039 Pa, with standard deviation values comparable to the mean. During the winter, southerly winds were more frequent due to the arrival of cold fronts. The mean values for the prevailing north-south component during winter varied from 0.014 Pa to 0.029 Pa with standard deviations higher than the mean. The Servain climatology (Servain et al., 1996) for the Tropical Atlantic was also used to verify whether the observed values were representative of a normal seasonal pattern or not. It is observed that although there is a good agreement in terms of direction, the estimates for the prevailing component turned out to be 10% to 20% smaller. However, the observed values were comparable to the climatological fields presented by Castro & Miranda (1998) , based on the Samuels and Cox GFDL Global Oceanographic Data Set Atlas.
Tides
Tides in the BTS are characteristically semi-diurnal (Tables 2 and  3) , with Form number varying between 0.06 in the most internal part of the bay to 0.11 in the adjacent oceanic region. The astro-nomical tides explained at least 97.5% (station 15) of the variance in the elevation signal, and more conspicuously in the winter.
Tidal ranges increase up bay by a factor of 1.5. M 2 amplitude grows from 0.67 m in the ocean (stations 13 and 14) to 0.89 m in the center of the bay (station 5), 0.93 m in the bay's northern cove and Canal de Itaparica (stations 20 and 17) and 1.06 m at Baía de Iguape (station 18) as indicated in Figure 6a . Inside Rio Paraguaçu, M 2 amplitude is reduced to 1.00 m in Najé and to 0.99 m in Cachoeira, the most inland gauging station. Maximum spring tide ranges in January 1999 underwent an amplification of 1.1 m inside the bay (Fig. 7) , from 1.86 m in the ocean (station 13) to 2.94 m in Baía de Iguape (station 18), the location of the largest tide range.
M 2 phase angles among the stations were inconsistent due to different lengths of the time series, different time of data sampling and differences in time and elevation resolution between mechanical tide gauges and electronic pressure sensors. For instance, M 2 phase angle derived from a year-long time series in Salvador differs in 9 • from that calculated at station 19 (during summer and winter periods), located in the opposite side of Canal de Salvador. Considering the stations presented in Tables 2 and  3 as reference, the integration of M 2 phase angle within the bay (Figure 6b ) shows that the phase grows from 102 • in the ocean to 106 • in the center of the bay (station 5) to 110 • at the mouth of Rio Subaé. Towards Rio Paraguaçu, phase angle reaches 114 • at Baía de Iguape and a maximum of 134 • at Cachoeira. Along Canal de Itaparica, the phase grows up to 114 • at station 17 showing that a tidal convergence point exists in the proximities of station 17.
Along with amplification, the tidal wave undergoes gradual distortion with rising tides increasingly longer (Fig. 7 ). This pattern of tidal asymmetry occurs everywhere inside the BTS but along Rio Paraguaçu. The average asymmetry (given as the ratio between the rising time and the falling time) grows from 1.03 at station 19 (Canal de Salvador) to 1.23 at station 18 (Baía de Iguape), where the falling tide can be as short as 5 hours. As a result, the high-tide time lag (in relation to the ocean) grows from 30 minutes at station 5 to 45 minutes at station 20 and up to 1.25 hours at station 18. Time lags at low tide are therefore smaller, being 30 minutes at stations 5 and 20 and 45 minutes at station 18.
Tidal asymmetry up Rio Paraguaçu changes its pattern from a longer rising to a longer ebbing tide. Lessa et al. (2000) ascribed this phenomena to friction effect caused by the shallow fluvial delta that progrades into Baía de Iguape. Very low tide levels during spring tides significantly reduce the overall channel depth Table 1 -Values of wind stress (mean ± standard deviation) estimated from wind speed data obtained from the weather stations located within the BTS during the seasonal sampling periods (see Figure 1 for the location of the weather stations Table 2 -Summary of tidal harmonics (for the 7 most important constituents) during the summer sampling period. Amplitude is H (cm), phase lag of equilibrium tide at Greenwich is G ( • ) and tidal Form number (F) is given by the ratio
2.9/099 6.4/137 3.7/236 9.9/089 89.3/101 31.3/121 2.0/358 0.08 S11 1.6/148 6.1/112 3.9/208 10.0/107 68.6/087 24.1/097 -0.11 S13 2.1/090 6.7/116 3.5/205 10.5/089 67.0/090 24.9/103 1.2/136 0.11 S14 2.2/101 6.3/119 3.2/198 11.1/089 67.0/090 24.2/104 0.0/136 0.10 S15 3.4/090 7.5/138 3.8/210 10.1/098 92.7/100 31.7/118 7.1/343 0.09 S18 3.0/112 6.7/137 4.0/224 11.4/100 106.0/109 37.9/129 9.6/285 0.07 S19 2.4/100 6.9/126 3.5/210 10. across the delta enhancing friction and retarding the ebb flow. As a result, rising spring tides can be as short as 5 hours and time lags between Cachoeira and Baía de Iguape are 1 hour at high tide and 3 hours at low tide. Tables 2 and 3 show the growth of M 4 as a result of increasing the tidal asymmetry. The analysis of the year-long time series from Salvador shows maximum tidal ranges of 2.7 m during an equinoctial-spring tide. The use of a low-pass filter with a cut-off of 72 h revealed about 27 long-period waves up to 20 cm in height with an average period of 12 days. This period is coincident to a 13 days-cycle highlighted by the spectrum analysis of the tide series. These waves were superimposed to a longer period oscillation of 9-10 months with amplitude of 7 cm. The highest and lowest mean sea levels were found to occur during May and October, respectively.
Sub-inertial oscillations during the summer and winter sampling periods had heights of 10 and 17 cm respectively (Fig. 8a,b) . The degree of coupling between the shelf and bay oscillations was higher during the winter (with more frequent southerly winds) when at least two waves up to 18 cm in height and a period of 5-6 days could be observed both along the shelf and inside the bay. In the summer (easterlies prevailing winds) the mean sea level trend in the shelf (two oscillations) is matched by the trend observed in the eastern half of the bay (station 19). It becomes, however, quite different from the pattern observed in the most inland stations (18 and 20) where an almost continuously rising trend existed.
At Baía de Iguape (station 18) the oscillation (4 cm in height) between January 23 and 26 was apparently caused by a river flood that began on the 23rd and reached a discharge peak of 1512 m 3 s -1 on January 25, 1999.
Tidal currents
The currents inside the BTS (stations 1-8 and 15-21) are clearly tide driven. The correlation coefficient and the variance explanation between the predicted and observed currents, for the component closer to the orientation of the main axis, are above 0.90 and 86%, respectively (Table 4 ). These numbers decrease as a function of the increasing distance from the bay mouth, reaching values as low as of 0.23 and 4.9% at station 14 during winter. Figure 9 and Figure 10 show the current time series at stations 17 (inside Canal de Itaparica), 13 and 14 (both outside BTS) for summer and winter, respectively. The tidal signal at station 17 is obscured at station 13 (in line with Canal de Salvador) and becomes indiscernible at station 14, mainly in the winter.
Harmonic analysis of the current field inside the BTS (Tables 5 and 6) shows vector Form numbers smaller than 0.19, which characterize the tidal currents as semi-diurnal (Pond & Pickard, 1983) . For some stations outside the BTS, such as station 13, the tidal currents are mixed with semi-diurnal predominance, resulting in inequalities between the currents during the highs and lows for each day. At station 14, the tidal currents are still mixed, but here they have diurnal predominance, with vector Form numbers close to 2.4 (the magnitude of the O 1 and K 1 tidal ellipses are very small and of order of few cm s -1 only). M 2 and S 2 tidal ellipses in both seasons are shown in Figure 11 . In general, the ellipses are oriented along the main channels of the bay and eccentricity tends to be small. For the locations where the water column was sampled in two depths, the orientation of the ellipses did not vary more than a few degrees. Apart from station 15 (located at Canal de Madre de Deus in Figure 2 ), vertical shear was not significant.
Maximum current velocities occur at the two entrances of the bay, Canal de Salvador (station 8) and Canal de Itaparica (station 17), where the M 2 component close to the surface had magnitudes of 65 cm s -1 and 51 cm s -1 , respectively. The S 2 component had values of 28 cm s -1 and 24 cm s -1 for these same locations. Other regions of relatively intense flow were the center of the bay (station 5), with magnitudes of 35 cm s -1 for M 2 and 17 cm s -1 for S 2 , and the channel at station 15, where M 2 and S 2 magni- tudes near surface were 46 cm s -1 and 21 cm s -1 , respectively. Since data was collected in two different periods, the current values presented in the text refer to an average between the summer (Table 5) and winter values (Table 6 ). Considerable vertical shear occurs at station 15 (local depth of 25 m), with near-surface flow about 40% higher than the flow near the bottom (32 cm s -1 for M 2 and 16 cm s -1 for S 2 ). Apart from these locations, the strength of the flow throughout the bay (stations 1 to 3, 6, 7 and 16) was generally moderate with the M 2 and S 2 components ranging from 12 cm s -1 to 28 cm s -1 and 5 cm s -1 to 17 cm s -1 , respectively.
Outside the BTS, moderate tidal currents were restricted to stations 9 to 12, where M 2 component was higher than 13 cm s -1 . At station 10, flow canalization between the coast and the ebb tidal delta gave rise to M 2 component of 62 cm s -1 at the surface. During the summer, where data was collected in two different depths, a significant vertical shear was observed, with near bottom current velocities 50% smaller than those observed at the surface. Away from the bay, the tidal influence was only of significance at station 13 (velocity up to 8.5 cm s -1 for M 2 ), apparently due to its alignment with the Canal de Salvador. Table 5 -Summary of the harmonic analysis (O 1 , K 1 , M 2 , S 2 components) for the velocity field during the summer sampling period. M and m are the amplitude (cm s -1 ) of the major and minor axes, respectively, G is the Greenwich phase and θ is the direction of the major axis (relative to true north and clockwise). The last column is the associated vector Form number given by the ratio F = (K 1 + O 1 )/(M 2 + S 2 ). The tidal wave behaved as a standing wave throughout the bay. A departure from a standing wave propagation was observed at station 7, at the entrance of Canal de Itaparica, where two velocity peaks occurred during the rising tides (except at neaps). The second, and strongest, velocity peak was ascribed to the inundation of relatively high intertidal areas along Canal de Itaparica. As observed by Lessa (2000) in macrotidal estuaries, the inundation of large intertidal areas late in the rising tide causes a sharp increase of the tidal prism and flow acceleration.
Site
In accordance with the pattern of tidal elevation asymmetry, predicted tidal currents were clearly ebb orientated in most of the stations, exceptions being stations 2, 16, 15 and 21, where stronger currents were flood orientated. The ratio between maximum ebb to maximum flood currents at stations 17, 7, 5, and 8 varied between 1.09 (station 5 in the winter, v ebb = 50 cm s -1 ) and 1.43 (station 17 in the summer, v ebb = 110 cm s -1 ). At the bay mouth (station 8), maximum ebb-currents (114 cm s -1 ) were up to 1.33 times higher than maximum flood currents. 
Residual circulation
The residual circulation inside the bay over a 15 day period is presented in Figure 12 and shows a similar pattern for both summer and winter periods. As a result of the dominance of the tidal forcing, the velocities did not exceed 5 cm s -1 (a parcel moving with this speed would advect substances as far as 65 km over this period). At the northern part of BTS, significant flow occurred only at Canal de Madre de Deus (station 15), where both current meters registered northwest currents of order of 5 cm s -1 and at Baía de Aratu (station 3), where the residual flow was towards the bay at both depths. Residual velocities found at stations 16 and 2, inside the channels leading to Baía de Aratu and Ilha de Madre de Deus, also registered northward bound residual flows. The residual circulation at station 5 is characterized by nearsurface currents opposing the direction of the near-bottom currents, both in the summer and winter. The flow was directed down-bay close to the surface and up-bay near the bottom, with velocities of order of 5 cm s -1 . This suggests a permanent pattern in this area that is likely related to gravitational circulation. A slightly similar pattern was observed at station 8 in the summer, with near-surface and near-bed currents offset by about 120 • .
South bound residual currents were recorded by all current meters at stations 7 and 17, inside the Canal de Itaparica, with velocities up to 6 cm s -1 at station 17. These residual vectors suggest that a possible anti-clockwise residual flow could exist around Ilha de Itaparica.
In the inner shelf, the residual circulation is clearly seasonal and the winds may be ascribed to as an important mechanism for driving the currents. Exceptions are the channel areas between the mainland and the ebb-tide delta at station 10 where strong residual currents flowed towards the bay in both seasons (15 cm s -1 in summer and 10 cm s -1 in winter), and station 13, where the flow was persistently directed to the northeast. In this later case, however, the velocity varied significantly between seasons, being more intense during winter.
For the other locations, a change in the predominant wind direction, from easterlies during summer to southerlies during winter (Table 1) , forced a change in the residual current direction. These changes are ascribed to the more frequent arrival of cold fronts in winter (e.g., Chaves, 1999; Amorim, 2005) . Nearbottom currents in the summer period were weaker than those near the surface at stations 10 to 12, indicating a significant velocity shear in the water column (those near-surface currents were above 15 cm s -1 and more than three times larger than the near-bottom currents). The onshore flow close to the bottom at these locations and the strong near surface flow towards southwest may be an indication of an upwelling favorable system during this season. At station 14, the mid-depth current also agreed with this summertime southwestward circulation showing a magnitude of 7 cm s -1 . The lack of near-bottom current estimates at stations 11 and 12 during winter prevented any comparison with the summertime observations.
Water properties
In the summer (Tables 7 and 8 ), the largest difference in the mean surface temperature (3 • C) occurred during the spring tide, between the warmest surface waters of the most inland point (station 1, T = 29.9 • C) and the relatively colder surface waters at the ocean stations (stations 9 to 12, 26.9 • < T < 27.3 • C). Along the water column, mean temperature differences were less than 1 • C for most stations inside the bay, but reached 1.7 • C outside the bay at station 12 (Table 7) . Temperature standard deviations for all stations were also of order of few decimals of a degree.
Mean salinity in the shelf was always above 37, with negligible vertical gradients. The bay was dominated by oceanic water with mean salinities higher than 36.4 and very little vertical variation. The only exception was station 4 (in front of the Canal do Rio Paraguaçu), which presented a surface mean salinity of 35.6. Very high salinities were found at station 3, inside Baía de Aratu (see Figure 2) , where relatively high evaporation rate may occur, as suggested by the mean temperatures being higher than the surrounding stations.
In the winter period (Tables 9 and 10) , the temperature was quite homogeneous in the water column and differentiated little among the stations in and outside the bay. The maximum difference in the mean surface temperature was 0.7 • C (Table 9 ) and the largest vertical difference was 0.3 • C at station 12. On the other hand, the horizontal variation of the surface mean salinity varied up to 4.2 (Table 10) between the inland most station and the ocean. This is clearly related to the higher winter precipitation rates along the coast. Vertical salinity gradients were also more pronounced, with differences of more than 1 between surface and bottom in various stations inside the bay. Figure 13 shows the vertical and horizontal salinity and temperature variations (mean ± one standard deviation) along a line through the center of the bay connecting stations 4, 5 and 8. It shows gradual changes along this line and different spatial trends between these fields. Whereas the temperature increased up-bay both in the summer and the winter, salinity decreased. Moreover, larger horizontal and vertical variations occurred during summer for temperature and during winter for salinity. If one standard deviation is considered, maximum temperature and salinity variations between any point in water column at stations 8 and 4 can be 2 • C (summer) and 3 • C (winter), respectively. Seasonally, maximum salinity variation in the water column was about 2.2 at station 8, 3.2 at station 5 and 3.9 at station 4. For these respective stations, maximum seasonal temperature variation was close to 2.4 • C, 3.2 • C and 3.6 • C.
SUMMARY AND DISCUSSION
Based on the available data analyzed, the hydrodynamics of the study region was clearly separated in two different systems, the BTS itself and the connected inner shelf. Different seasonal scenarios regarding water properties and circulation patterns were also observed. Inside the BTS, the circulation was mostly tide driven throughout the year, but water properties did change noticeably between summer and winter.
During the summer (dry season), the water inside the bay was considerably warmer than the oceanic waters in the adjacent continental shelf, and horizontal temperature variations between the two regions could be as large as 3 • C. The surface temperature could be as high as 30 • C at the northernmost part of the BTS. Horizontal salinity variations in the dry season were not pronounced and surface waters below 36 were only found at the mouth of Rio Paraguaçu (mean of 35.6). A still largely sediment-infilled bay, along with small precipitation rates within a semi-arid catchment area corresponding to 95% of the total, allows for high water salinities to be observed in the eastern half of the bay. The waters on the inner shelf had surface salinity above 37. According to Emilson (1961) , the water mass in the BTS (and along the associated shelf) during the summer could be classified as Tropical Water -TW (temperatures above 20 • C and salinities above 36). 28.4 ± 0.32 28.1 ± 0.07 (38 m) 37.0 ± 0.07 37.0 ± 0.03 (38 m) S9
27.7 ± 0.14 27.2 ± 0.25 (28 m) 37.0 ± 0.04 37.2 ± 0.01 (28 m) S10 27.8 ± 0.20 27.3 ± 0.21 (18 m) 37.1 ± 0.03 37.2 ± 0.02 (18 m) S11 28.0 ± 0.35 27.0 ± 0.19 (28 m) 37.2 ± 0.06 37.2 ± 0.03 (28 m) S12 27.9 ± 0.27 26.2 ± 0.14 (34 m) 37.2 ± 0.01 37.2 ± 0.01 (34 m) 28.9 ± 0.22 28.3 ± 0.07 (23 m) 36.8 ± 0.04 36.8 ± 0.01 (23 m) S7
28.9 ± 0.26 28.7 ± 0.04 (30 m) 36.6 ± 0.03 36.6 ± 0.03 (30 m) S8
28.0 ± 0.42 27.7 ± 0.09 (38 m) 36.9 ± 0.09 37.0 ± 0.06 (38 m) S9
26.9 ± 0.26 26.2 ± 0.33 (25 m) 37.1 ± 0.07 37.2 ± 0.03 (25 m) S10 27.1 ± 0.21 26.5 ± 0.31 (19 m) 37.1 ± 0.05 37.2 ± 0.05 (19 m) S11 27.0 ± 0.32 25.9 ± 0.06 (29 m) 37.2 ± 0.02 37.3 ± 0.01 (29 m) S12 27.3 ± 0.26 26.0 ± 0.24 (31 m) 37.2 ± 0.02 37.2 ± 0.02 (31 m) During winter (wet season), the horizontal temperature variation between the ocean and the bay was reduced to less than 1 • C (surface mean temperatures varying from 26.5 • C to 27.1 • C). On the other hand, the horizontal salinity difference increased, with values as large as 4. For the northernmost part of the BTS, the surface mean salinity could be as low as 32.3, while values above 36 were found at the inner shelf. This less salty and relatively cold waters found inside the BTS gave rise to a so called coastal water mass (CW), that inhibited the penetration of TW into the bay. This CW was observed in the inner shelf (stations 9, 10, 11 and 12) with thickness varying from 5 to 10 m.
The seasonal formation of CW appears to be entirely related to the discharge of the smallest catchments areas around the bay (as well as direct precipitation), since the discharge from Rio Paraguaçu reaches its lowest value between May and July. The average monthly discharges from Rio Paraguaçu in January and May 1999 were 9.9 m 3 s -1 and 11.3 m 3 s -1 , respectively. Extreme discharges from Rio Paraguaçu are, however, likely to affect the salinity structure as far as station 4. Genz et al. (2006) monitored a simulated 8-day flood event with water being released by Pedra do Cavalo dam, with a maximum discharge of 1534 m 3 s -1 (15 times the pre-dam average discharge). The maximum discharge coincided with high water spring (3.3 m tide range in Baía de Iguape) and caused a surge of 0.5 m close to the river mouth inside the Baía de Iguape. This surge was imperceptible at the gauging station in São Roque (see location in Figure 1 ). The salinity field, however, was influenced along the whole extent of Canal do Paraguaçu. A well-mixed water column (vertical salinity variation of 0.3), with surface value of 32.4 at the end of the channel, became partially mixed (vertical variations of 5.2), with surface salinity of 27.2. In scenarios like this, the Baía de Iguape and secondarily the Canal do Paraguaçu, act as a buffer region against the Rio Paraguaçu floods. Short-lived river floods are almost completely damped inside the bay. Surface salinity gradients, reaching up to 8 psu km-1 during a flood event, were found inside the Baía de Iguape . An estimate of the flushing time for the innermost station where CTD profiles were performed (stations 1 and 4 in Fig. 2 ) was done analytically based on the conservation of salt and volume (Miranda et al., 2002) and according to the equation
S 0 andS represent salinity at the oceanic and innermost stations, respectively. V is the volume of the bay associated with the flushing process, which is equal to 1.1 × 10 10 m 3 and Q f is the freshwater discharge. Typical values for S 0 , S and Q f for January (May) 1999 are 37.2 (36.2), 35.6 (32.5) and 89.0 (345.5) m 3 s -1 , respectively. These parameters indicate that due to the small freshwater inflow, the flushing time in summer (∼62 days) is about 1.7 times longer than that in winter (∼38 days).
When compared to other relevant coastal bays in Brazil, the BTS is likely to be the one with the longest flushing time, given its high ratio between volume and freshwater discharge (0.32 × 10 8 s < V /Q f < 1.2 × 10 8 s for the central area of the bay). For example, Baía de Guanabara, according to Kjerfve et al. (1997) , has a V /Q f ratio twice as small, varying from 0.12 × 10 8 s to 0.67 × 10 8 s in the dry and wet season, respectively. A V /Q f ratio of 0.12 × 10 8 s was also estimated for Baía de Paranaguá, considering a year average freshwater input of about 200 m 3 s -1 (Lessa et al., 1998; Mantovanelli et al., 2004) . Due to the large flushing times it is recommended that proper management policies regarding the disposal of urban and industrial waste into the BTS must be adopted.
The total freshwater inflow into the BTS was reduced after the construction of Pedra do Cavalo dam (mean annual discharge dropped from 199 m 3 s -1 to 162 m 3 s -1 ). This reduction, however, is not entirely related to the effects of the dam, since the inflow was also diminished during the winter when Rio Paraguaçu would normally account for less than 30% of the total freshwater input. Longer trends (20-30 year cycles) in precipitation and river dis-charges, as pointed out by Pekarova et al. (2003) are more likely to be the reason for the observed reduction of the fresh water inflow into the BTS after 1985.
While the circulation did not vary significantly between seasons inside the bay, a clearly seasonal pattern was observed at the associated inner shelf. During the summer, the easterly winds drove sub-inertial currents parallel to the coastline and towards southwest mostly, except for the station in front of Canal de Itaparica. The near bottom onshore flow (stations with two current meters) associated with the presence of relatively cold waters at the bottom (when compared to the values found during the winter) is an indication of an upwelling process. In the winter, the arrival of cold fronts and the associated reversal of the wind direction generated events of northeast currents which, depending on the wind persistence, would dominate the residual circulation. A similar pattern of seasonal circulation was observed by at the southern coast of Bahia and by Amorim (2005) at about 100 km south of the BTS.
The seasonal variations imposed by the changes in the meteorological forcing also affect the sub-inertial oscillations in the BTS and at its vicinity. During summer the BTS is less affected by the easterlies and the oscillations in the most inland portion of the bay can be decoupled from those observed at the inner shelf. This could also be caused by the distinct wind patterns (in and outside the BTS) that can occur during this season. On the other hand, during winter the more frequent arrival of cold fronts and the longer fetch created in the presence of southerly winds give rise to a strong coupling between the sub-inertial oscillations for the waters inside the BTS and those at the inner shelf.
Due to the orientation of the residual current vectors inside the bay, one would feel tempted to suggest that an anticlockwise circulation is normally established inside the BTS where water moves northward towards station 15 and returns via Canal de Itaparica. However, the spatial density of the current meters deployed inside the bay is far too small, and it is very likely that the residual vectors indicate segments of eddies of much smaller scale. These eddies are normally generated by the interaction of the flow with complex bathymetry and the coastal contours of a water body. Kjerfve et al. (1992) understand that residual circulation gyres arise due to lateral circulation, which in turn are a manifestation of the variability of the current magnitude and direction over short distances. This lateral variability is explained by the presence of prevailing ebb and flood channels within the same cross-section, as demonstrated by Kjerfve & Proehl (1979) . Some current meters inside the bay might have been deployed in predominantly flood or ebb channels, either enhancing the expected tidal current asymmetry (station 8) or reversing it (station 21). Therefore, the degree of ebb or flood dominance among the stations is highly dependable on their location. For instance, strong ebb dominance at station 8 is apparently counterbalanced by flood dominance at the western side of Canal de Salvador, where a small flood-tidal delta in front of Mar Grande (see Figure 2 for location) is clearly mapped in the depth charts. The overall stronger ebb-tidal currents are in agreement with the pattern of asymmetry of the tidal wave. Ebb-directed bed-load net sediment transport is thus expected in most areas of the bay, especially those close to large intertidal areas. This direction of net-sediment transport is corroborated by the presence of extensive ebb-tidal deltas in front of Canal de Salvador (Banco de Santo Antonio) and Canal de Itaparica. Also, an ebb-tidal delta internal to the bay, in front of Canal do Paraguaçu, is also an indication of bed-load flushing.
Given the vast amount of data available, the main goal of this paper was to provide a general characterization of oceanographic aspects of the BTS and adjacent areas and identify how these aspects vary during the dry (summer) and the wet (winter) season. Although the circulation driving forces have been described here, several questions remain and need to be elucidated before a satisfactory understanding of the different spatial and temporal scales involved in the physical oceanography of the bay can be achieved. The authors are aware that in this study the region was reasonably well covered in space, but not in time. The temporal coverage (15 days for each season) is far too short for a good description of the seasonality. The results already obtained in this work will be used to plan a more comprehensive observational programs focusing on the study of mass and volume transports for the most important pathways within the bay, as well as the seasonal variation of the water properties within the BTS and its interaction with the coastal zone. A 3D circulation numerical model is already being implemented to help addressing these questions.
